Nanometer-thin sheets of 2D Ti 3 C 2 T x (MXene) have been assembled into freestanding or supported membranes for the charge-and sizeselective rejection of ions and molecules. MXene membranes with controllable thicknesses ranging from hundreds of nanometers to several micrometers exhibited flexibility, high mechanical strength, hydrophilic surfaces, and electrical conductivity that render them promising for separation applications. Micrometer-thick MXene membranes demonstrated ultrafast water flux of 37.4 L/(Bar·h·m 2 ) and differential sieving of salts depending on both the hydration radius and charge of the ions. Cations with a larger charge and hydration radii smaller than the interlayer spacing of MXene (∼6 Å) demonstrate an order of magnitude slower permeation compared to single-charged cations. Our findings may open a door for developing efficient and highly selective separation membranes from 2D carbides.
R ecently, there have been significant efforts in preparing membranes from 2D materials, such as graphene 1 and graphene oxide (GO). 2−6 Joshi demonstrated that a 5 μm-thick GO membrane sieved inorganic salts and organic molecules with characteristic hydration radii above 4.5 Å. 5 Layered membranes are highly versatile as the ion rejection and water transport rate can be controlled by changing flake size, interlayer distance and overall membrane thickness. 3, 7 However, there are not many 2D materials that can be processed into membranes that are able to selectively exclude ions based on size and charge, while maintaining mechanical integrity.
A new family of 2D materials based on transition metal carbides and/or nitrides, MXenes, have recently emerged and showed promising results in electrochemical energy storage applications, which utilize similar principles of controlled ion insertion between the atomically thin layers. 8−11 MXenes are produced by selectively etching monatomic A-element layers from the layered hexagonal transition metal carbides and/or nitrides, termed MAX phases 12 (Figure 1a ). The most studied member of the MXene family is Ti 3 C 2 T x , where T represents terminating functional groups (O, OH, and/or F), and x is the number of terminating groups. Similar to GO, 13 Ti 3 C 2 T x is characterized by a negative surface charge (zeta potential of asproduced Ti 3 C 2 T x solution is −39.5 mV, 14 and at pH 7 is −29 mV 15 ) and hydrophilic surface with a contact angle around 25°, 11, 14 which is a desirable property for ion separation in aqueous solutions. A 3.3-μm-thick Ti 3 C 2 T x film has a tensile strength of 22 MPa, 14 which is comparable to 55 MPa of a 2.5 μm-thick GO membrane. 16 Compared to insulating GO membranes, Ti 3 C 2 T x has a metallic conductivity (2400 S/ cm 14 ) , which implies the potential to electrically modulate the surface charge and control ion permeation with an applied voltage. Ti 3 C 2 T x is an efficient adsorbent for the cationic dye methylene blue (MB), 17 gold, 18 lead (Pb 2+ ) 19 and chromium (Cr 6+ ) cations. 15 Furthermore, it has been shown that a wide range of cations with varying sizes and charges (Na + , K + , NH 4 + , Mg 2+ and Al 3+ ) can intercalate between Ti 3 C 2 T x layers, 9, 20 and this process results in expansion or contraction of the films, dependent on the charge and nature of the cation. 21, 22 However, ionic and water transport through MXene membranes of any kind has never been reported.
In this paper, we report the selective sieving of alkali, alkaline earth (Li + , Na + , K + , Mg 2+ , Ca 2+ ), transition and other metal (Ni 2+ and Al 3+ ), and methylthioninium + (MB + ) dye cations through Ti 3 C 2 T x membranes. We compare Ti 3 C 2 T x and GO membranes under the same testing conditions (Experimental Methods and Figure SI1 ), and show that Ti 3 C 2 T x has a better selectivity toward metal cations of increasing charges than GO. Finally, based on the interlayer spacing of Ti 3 C 2 T x and mechanical deformation of Ti 3 C 2 T x upon intercalation, the mechanisms of ions transport through Ti 3 C 2 T x membranes are briefly discussed. Ti 3 C 2 T x membranes were fabricated by a vacuum-assisted filtration (VAF) method, where colloidal solutions of delaminated Ti 3 C 2 T x (Supporting Information, Experimental Methods) were filtered to obtain membranes with controllable mass-loading and thickness. In order to obtain smooth membranes shown in Figure 1b ,c and Figure SI2 , dilute colloidal solution of Ti 3 C 2 T x (∼0.01 mg/mL) was used. 23 It contained single-layer Ti 3 C 2 T x sheets with thickness of ∼1 nm and lateral size on the order of hundreds of nanometers to several microns. 14 The high aspect ratio of single-layer Ti 3 C 2 T x ensures uniform and narrow 2D nanochannels and mitigates the presence of meso-and macro-pores across the membrane. Considering the relatively high pressure exerted on Ti 3 C 2 T x membranes during the experiments, commercial polyvinylidene fluoride (PVDF) supports (450 nm pores) 23 were used. PVDF membranes were tested alone and did not demonstrate any selectivity toward any molecule or ion in this study (Table SI1 ) and thus did not affect the Ti 3 C 2 T x membranes' performance.
By sequentially filtering dilute suspensions of Ti 3 C 2 T x of known concentrations (0.01 mg/mL), water flux was estimated from the filtration time and correlated with membrane thicknesses. An exponential decrease of water flux is observed initially for increasing membrane thicknesses and mass-loading (Figure 2a ). When the membranes thickness was between 900 to 1500 nm, the water flux became constant ∼38 L/(Bar·h·m 2 ). Permeation tests were conducted on membranes with the thicknesses of 1.5 ± 0.1 μm ( Figure 1c ) to ensure mechanical stability and the absence of pinholes. A water flux of 37.4 L/ (Bar·h·m 2 ), compared to 6.5 L/(Bar·h·m 2 ) for a 1.5-μm-thick GO membrane tested in the same way, indicates ultrafast water permeation through Ti 3 C 2 T x membranes.
This fast water flow can be explained 35 by the presence of one or more layers of H 2 O molecules between the Ti 3 C 2 T x layers in the wet state. 11, 24 The hydration effect between Ti 3 C 2 T x layers was examined by studying three Ti 3 C 2 T x membranes at different moisture levels with X-ray diffraction (XRD) (Figure 2b ). One sample was dried at 140°C, another was dried at 70°C, and the last sample was in a wet state. The XRD patterns of the membranes agreed well with previous 
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Letter Ti 3 C 2 T x films, 14 and the FWHMs of the 140°C-dried, 70°Cdried and wet Ti 3 C 2 T x membranes were 1.72, 0.94 and 0.97°, respectively. The (0002) peak shifted to lower angles as the moisture increased, which corresponds to larger interlayer spacing between Ti 3 C 2 T x layers. The interlayer distances of the 140°C-dried, 70°C-dried, and wet Ti 3 C 2 T x membranes were calculated to be 2.9, 4.7, and 6.4 Å, corresponding to one, two and three layers of water molecules between Ti 3 C 2 T x layers, respectively. 5 The observed permeation rates for cations and dyes in our study are in agreement with a 2D nanochannel width around 6.4 Å. 5, 16, 25 Three water layers between Ti 3 C 2 T x sheets can create a free path for water flow and facilitate the high water flux observed before. 25 The permeation rates of all solutions through Ti 3 C 2 T x and GO membranes were measured in a homemade U-shaped device ( Figure SI1 ). One half of the cell was a chloride salt solution (0.2 mol/L), while the other half contained the same volume of deionized water. Both solutions were introduced at the same rate, and magnetic stirring was maintained on the permeate side to eliminate concentration gradients. The conductivity of the permeate side was measured over time to estimate concentration of ions and calculate ionic transport. All solutions utilized a salt with a Cl − anion, and thus cation permeation rates were easily compared.
The pH of NaCl solution was stable around 6.05 throughout the test. This indicates that both Cl − and Na + ions permeate through the Ti 3 C 2 T x membrane in stoichiometric quantities and that the number of permeated cations can be estimated from ionic conductivity measurements on the permeate side, as discussed in the Experimental Methods. The concentration of permeated cations shows a linear increase with time ( Figure  3a ), while the individual permeation rates (the slope of curves) decrease in the row Na + > Li + > K + > Ca 2+ > Ni 2+ > Mg 2+ > Al 3+ ≫ MB + . MB + demonstrated almost no permeation (∼7 × 10 −4 mol·h −1 ·m −2 ), confirming that the Ti 3 C 2 T x membranes are free of pinholes.
The permeation rates through Ti 3 C 2 T x and GO membranes as a function of the cation size and charge are plotted in Figure  3b and listed in Table 1 and Table SI2 . The effective volume occupied by a cation in water is characterized by its hydration radius. 26, 27 Based on the permeation rates through Ti 3 C 2 T x , all cations can be classified into four groups: (1) Na + , Li + and K + , (2) Ca 2+ , Ni 2+ , Mg 2+ , (3) Al 3+ , and (4) MB + , suggesting the role of cations' size and charge. Na + has the highest permeation rate of 1.53 mol·h −1 ·m −2 , which is about 25 times faster than Al 3+ , and 7 times that of Ca 2+ ion. Despite a smaller hydration radius, K + showed somewhat slower permeation as compared to Na + .
In Figure 3b , the ionic selectivity of Ti 3 C 2 T x and GO membranes is compared. The GO membranes show similar ion selectivity and permeation rates as reported by Joshi. 5 For organic dye cations with hydration radii > 6.4 Å, both permeation rates are on the level of 10 −4 mol·h −1 ·m −2 . However, for small ions (<6.4 Å), GO and Ti 3 C 2 T x membranes behave distinctly different, when ion charges are considered. Although single-charged cations showed comparable permeation rates for Ti 3 C 2 T x and GO, Ti 3 C 2 T x membranes demonstrate significantly lower permeation rates for multiplecharged ions than GO. GO's inability to discriminate between the charges has been reported previously, as arsenate ions (AsO 4 3− ) permeate through GO membrane at approximately the same rate as single-charged Na + or Cl − , 5 yet GO can sieve out ions larger than 4.5 Å. Thus, Ti 3 C 2 T x membranes have a better selectivity than GO membranes for cations of radii <4.5 Å and with charges from +2 to +4, which include alkaline earth ions or pollutant heavy metals, such as Ca 2+ , Mg 2+ , Ba 2+ , Pb 2+ , Cu 2+ , Co 2+ , Ni 2+ , and Cd 2+ . This selectivity toward angstromsized metal cations with charge dependence is unique when compared with other 2D and porous separation membranes. 5,28−31 Therefore, MXene membranes may be used for water softening and removal of toxic elements. It should be noted that the sieving of cations by Ti 3 C 2 T x membranes cannot be attributed to ion adsorption, because the ratio between the mass of feed solute to the membrane exposed (e.g., 1950 mg/g for NaCl vs Ti 3 C 2 T x ) greatly exceeds the adsorption capacity of Ti 3 C 2 T x for metal salts (40 to 250 mg/g 15,17−19 ) .
Cation permeation through Ti 3 C 2 T x membranes is greatly affected by their intercalation, which is a size and charge selective process. 20, 32 Briefly, single-charged Na + or K + ions readily intercalate into Ti 3 C 2 T x while double-charged Mg 2+ ions intercalate only after extensive soaking or electrochemical stimulation (applied potential), and bulky ions such as Al 3+ intercalate only after electrochemical cycling. 20 Thus, the intercalation of large and multiple-charged cations is kinetically hindered. Electrochemical quartz-crystal admittance 21 and atomic force microscopy 22 studies demonstrate that, after the intercalation process, the electrostatic attraction between negatively charged Ti 3 C 2 T x and double-charged cations like Mg 2+ results in a compression of interlayer spacing and shrinkage of the membrane in z-direction.
Based on the obtained results, the permeation rates of cations can be classified into three groups as schematically shown in Figure 4 . First, ions that have radii larger than the interlayer distance (∼6.4 Å based on XRD) will be excluded outright because they cannot pass through the Ti 3 C 2 T x membrane. This is observed in the case of the bulky MB + dye cations (permeation rate ∼7 × 10 −4 mol·h −1 ·m −2 ). In contrast, multiple-charged cations (Mg 2+ , Ca 2+ and Al 3+ ) exhibit radii smaller than the interlayer distance, and are able to migrate into the interlayer capillary pathways, which increases the interlayer spacing initially. As more multiple-charged ions intercalate, shrinkage of the layers occurs due to electrostatic attraction between the negatively charged Ti 3 C 2 T x surface sheets ( Figure  SI1 ) and the highly charged cations, as illustrated in Figure 4b . This shrinkage results in slower permeation rates observed for the multiple-charged ions. Finally, single-charged ions (Na + ) are able to penetrate into the membrane and are attracted to each side of Ti 3 C 2 T x layers, forming an electric double layer on the surface of every flake. Adsorption of ions on both sides of MXene, leading to repulsion of MXene sheets, may be accompanied by a slight expansion of the film, which enables higher permeation rates (7−25 times faster than double-and triple-charged ions).
A dead-end filtration setup was used to compare the flux of Na + , Mg 2+ , and Al 3+ chloride solutions through the Ti 3 C 2 T x membranes. The membranes were soaked in water or 0.2 mol/ L salt solutions for 1 h prior to filtration to ensure saturation Figure 4d . This trend supports the actuation mechanism for cations permeation, where Na + causes membrane expansion and a higher water flux, and Mg 2+ and Al 3+ solutions decrease the flux due to contraction of the interlayer spacing. Figure SI3 shows initial results about how intercalated cations in MXene affect water flux of other cation solutions.
The work herein describes a new class of permeation membranes based on Ti 3 C 2 T x , which are capable of highly selective sieving of cations. This process may be further enhanced through electrical modulation of the surface charge of Ti 3 C 2 T x with an applied voltage (electrochemical filtration). If much thinner (e.g., 150−300 nm) supported membranes are used, water flux is expected to increase by at least an order of magnitude. As the 2D MXene family is growing, there is already an array of 17 MXenes (Ti 2 C, V 2 C, Nb 2 C, Nb 4 C 3 , Mo 2 TiC 2 etc. 33,34 ), that can be examined as separation membranes. Different surface chemistries, layer thickness, and mechanical properties should allow further tuning of membrane properties. It has been reported that the mechanical strength of Ti 3 C 2 T xbased membranes can be enhanced by combining Ti 3 C 2 T x with polymer poly(vinyl alcohol) (PVA) during membrane fabrication, which may enhance the durability and lifetimes of Ti 3 C 2 T x -based membranes. 14 Meanwhile, the interlayer spacing could be affected by the addition of different compositional loadings of polymers (PVA or poly(diallyldimethylammonium chloride) (PDDA)). Apart from polymers, layers of CNTs have been demonstrated to open the interlayer spacing of Ti 3 C 2 T xbased membranes for greater ion fluxes in electrochemical devices. 35 Such hybrid/composite structures may be utilized for high-flux membranes. This proof of concept represents the first study of ion permeability of MXene membranes. Additional systematic studies of fouling and other properties are required in order to evaluate the applicability of different MXenes and select the most promising materials to be used in membranes for ion separation, water purification, desalination, and related applications. The observed differences in transport rates for different ions can also explain the difference in charge− discharge rates of aqueous supercapacitors with different electrolytes 20 and provide guidance in the selection of highrate electrolytes.
In summary, Ti 3 C 2 T x membranes demonstrate attractive separation properties based on their permeation selectivity toward cations of various sizes and charges. The hydrophilic nature of Ti 3 C 2 T x accompanied by the presence of H 2 O between the layers promotes ultrafast water flux. Besides being nonpermeable to cations with hydration radii larger than the interlayer spacing, Ti 3 C 2 T x membranes show high selectivity toward single-, double-and triple-charged metal cations and dye cations of different sizes. Ti 3 C 2 T x membranes demonstrate a better performance than GO in the separation of higher charge cations. MXenes, as a new family of 2D materials, may open a door for developing efficient and highly selective separation membranes for ion separation and other technologies.
■ EXPERIMENTAL METHODS
Preparation of Ti 3 C 2 T x Membranes Supported on PVDF. 16.7 mL of Ti 3 C 2 T x (0.3 mg/mL) solution was diluted to 500 mL by adding deionized water. The films were fabricated via VAF of the diluted solutions on a PVDF filter membrane (Hydrophilic, 0.45 μm pore size, EMD Millipore Durapore, US) with a diameter of 47 mm. A glass microfiltration apparatus (Feida, China) with a fritted alumina supporting base was used for the VAF. The filtered films were air-dried and kept on the top of the PVDF support.
Preparation of GO Membrane. Purified graphite (SP-1, Carbon Bay) was used to prepare GO via Hummer's method. 36 Dried GO powder was dispersed in deionized water using ultrasonication for 1 h followed by centrifugation at 3500 rpm for 15 min to obtain 1 mg/mL aqueous GO solution. Five milliliters of this solution was diluted to 300 mL with deionized water and underwent VAF in the same way described for Ti 3 C 2 T x membranes.
Permeation Tests. The ion permeation experiments were conducted with a homemade U-shaped permeability apparatus shown in Figure SI1 . The conductivity of the permeation side was measured by Hanna HI 8633 multirange conductivity meter and recorded as a function of permeation time. Since the permeation was done in wide tubes with a small membrane area, the total water flux was negligible.
Ion Permeation Calculation. The measured ionic conductivity variations of permeate solutions were converted to salt concentrations based on molar conductivity calculations. Molar conductivity is defined as the conductivity of an electrolyte solution divided by the molar concentration of the electrolyte, which is given by Λ m = (κ/c), where κ is the 
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Letter measured conductivity, and c is the electrolyte concentration. Thus, the electrolyte concentration can be obtained as c = (κ/ Λ m ), in which the molar conductivities of all the salt solutions at different concentrations were taken from the literature. 37, 38 Then the ion permeation rate, J, was calculated by the classical diffusion equation: J = V eff ·c/(A eff ·t), where V eff is the effective volume of the solution on the permeate side; c is the calculated permeation concentration across the membrane; A eff is the effective area of separation membrane; t is the diffusion time. The ion permeability of Ti 3 C 2 T x membranes was compared with the values for GO membranes.
Characterization. A scanning electron microscope (SEM, Zeiss Supra 50VP, Germany) was used to study the morphology of the produced flakes and films. The XRD patterns were recorded by a powder diffractometer (Siemens D500, Germany) with Cu Kα radiation at a step of 0.02°and collection time of 0.5 s/step.
Interlayer Distance Calculation. The (0002) peak of the Ti 3 C 2 T x membrane shifts from 5.28 to 7.55°after drying. These patterns correspond to a c-Lp of 30.4 Å when wet, 27.0 Å after drying at 70°C, and 23.4 Å after drying at 140°C. The c-Lp includes two rigid Ti 3 C 2 T x layers plus two interlayer spacings, and one rigid layer of Ti 3 C 2 T x has a thickness of 8.8 Å from MD simulations. 9 Thus, the interlayer distance of the 140°Cdried, 70°C-dried, and wet Ti 3 C 2 T x membranes was calculated to be 2.9, 4.7, and 6.4 Å, respectively.
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